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Production of J= mesons from �c meson decays

in pp collisions at
p
s = 1:8 TeV.
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We have measured the fraction of J= mesons originating from �c

meson decays in pp collisions at
p
s = 1:8 TeV. The fraction, for P

J= 
T >

4:0 GeV/c and j�J= j < 0:6, not including contributions from b 
avored

hadrons is (29:7�1:7(stat)�5:7(syst))%. We have compared the prompt

J= cross section with the prediction of the Color Singlet Model and

found a large excess of direct production.

PACS numbers: 13.85.Ni, 14.40.Gx

In p�p collisions charmonium particles come from prompt production and from

the decay of b 
avored hadrons. Calculations based on the Color Singlet Model

(CSM) [1] for prompt production of charmonium, predict that the yield of J= and

 (2S) mesons not coming from the decay of heavier charmonium states (direct pro-

duction) is suppressed, and �c mesons are expected to be the main source (> 90%)

of prompt J= 's. Direct production is the only source of prompt  (2S) considered

in the CSM since higher mass charmonia that can decay to  (2S) are not known to

exist. The observed yields of prompt J= and  (2S) mesons are larger than the the-

oretical expectation by factors of about 6 and 50 respectively [2]. This discrepancy,

especially for the  (2S), has suggested that other important mechanisms exist for

direct production of charmonium 3S1 states at large PT , beyond those considered in

the CSM [3{5]. It is therefore important to account separately for all charmonium

states produced and understand whether the disagreement of the theory with data is

con�ned to the  (2S) or an excess of direct production shows up also for the J= .

In this letter we report the results of a study of the reaction p�p ! �c X, �c !

J= 
, J= ! �+�� at
p
s = 1:8 TeV using the Collider Detector at Fermilab (CDF).
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Since the branching fractions for �c decays into other modes containing a J= are

expected to be small [6] this study yields the fraction of J= from �c. This fraction

has already been measured by CDF using a smaller data sample [7]. The measurement

reported here is based on 18 pb�1 of data collected in the 1992-1993 collider run, and

is the �rst where the contribution from b decays to �c production is measured. It

is therefore possible to disentangle direct J= production from the contribution due

to �c decays in promptly produced charmonia; this allows to compare the measured

prompt J= cross sections with the theoretical predictions, separately for the direct

component and the �c contribution.

The CDF detector has been described in detail elsewhere [8]. The events used in

this analysis were collected with the dimuon trigger described in [2]. A J= is identi-

�ed by requiring two oppositely charged muon candidates both with PT > 2:0 GeV/c

and at least one with PT > 2:8 GeV/c (PT is the momentum component perpendicu-

lar to the beam axis). The muon pair is required to have PT (�
+��) > 4:0 GeV/c and

j�(�+��)j < 0:6 (�=-ln[tan(�=2)] is the pseudorapidity, where � is the polar angle).

The muon pair is considered a J= candidate if its invariant mass is in the region

3057 MeV=c2 < M(�+��) < 3137 MeV=c2. This selection yields a sample of 34367

J= candidates, where the estimated number of real J= mesons is 32642 � 185. In

the J= sample we select photon candidates by demanding an energy deposition of at

least 1 GeV in a cell of the central electromagnetic calorimeter (j�j < 1:1) and a signal

in the �ducial volume of the strip chambers (CES), embedded in the calorimeter at a

depth of six radiation lengths. We also require that no charged particles point to the

cell corresponding to the photon candidate (the no-track cut). The location of the
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signal in the CES chambers and the event interaction point determine the direction

of the photon momentum; its magnitude is the energy deposited in the calorimeter

cell. The J= candidate is combined with all photon candidates in the event and the

invariant mass di�erence, �M = M(�+��
) �M(�+��), is calculated. The �M

distribution is shown in Fig. 1. A clear signal is present near �M = 400 MeV/c2 as

expected from �c decays, but the individual �c1 and �c2 states are not resolved. The

mass resolution of 50 (55) MeV/c2, predicted by a detector simulation for the �c1

(�c2), is insu�cient to resolve the two states which are separated by 45.6 MeV/c2.

The shape of the background resulting from combinations of the J= with pho-

tons of the underlying event is obtained with a Monte Carlo method that uses J= 

candidate events as input. Photons come primarily from the decay of �0, � and K0

S.

These sources are simulated replacing each charged particle in the event, other than

the two muons, by a �0, � or K0

S with probabilities proportional to 4:2:1. These pro-

portions follow from isospin symmetry and the ratios K�=�� = 0:25 , �=�0 = 0:5 [9].

Uncertainties in these ratios, and the e�ect of physics processes resulting in a J= 

associated with photons in the �nal state, are considered as sources of systematic

uncertainty. The response of the detector to the photons resulting from the decay of

these embedded neutral particles is calculated using a Monte Carlo simulation. Ap-

plying the �c reconstruction to these events results in a mass distribution that models

the shape of the background. This model was tested by comparing the Monte Carlo

distribution with that directly obtained from the data for dimuon pairs in the mass

sidebands of the J= peak where there should be no �c signal. The two distributions

agree well as shown in the inset of Fig. 1. The number of �c signal events is deter-
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mined by �tting the data �M distribution to the sum of the background distribution,

with an unconstrained normalization, and a Gaussian function associated with the

signal. This results in 1230� 72 �c signal events for the distribution shown in Fig. 1.

We measure the fraction of J= mesons from �c decays, as function of P
J= 
T ,

determining the rate of J= and �c mesons in four bins de�ned by: 4 < P
J= 
T < 6,

6 < P
J= 
T < 8, 8 < P

J= 
T < 10 and P

J= 
T > 10 GeV/c. The fraction is calculated

according to the equation:

F J= 
� =

N�c

NJ= �A

J= � �
no�track � �
envir

where N�c and NJ= are the numbers of reconstructed �c and J= mesons respec-

tively, A

J= is the probability to reconstruct the photon once the J= is found,

�


no�track is the e�ciency of the no-track cut and �
envir is the e�ciency to reconstruct

the photon in the presence of additional energy deposited in the calorimeter.

The photon acceptance, A

J= , is the product of the probability that the photon is

within the �ducial volume and the e�ciency for reconstruction of the �ducial photon.

The geometric acceptance is determined by using a Monte Carlo simulation. The

�c's are generated uniformly in �, and with a PT distribution tuned to reproduce the

observed rate of �c's as function of P
J= 
T . The �c ! J= 
 decay is generated with

a uniform angular distribution in the �c rest frame. The J= ! �+�� decay is also

generated uniformly in the J= rest frame and the trigger simulation is applied to the

decay muons. The unknown �c polarization is considered as a source of systematic

uncertainty. The photon reconstruction e�ciency is obtained from real data by ap-

plying the photon requirements, except for the no-track cut, to a sample of electrons
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from photon conversions selected using only tracking information. This e�ciency is

then corrected for the di�erences in detector response between photons and electrons.

For P
J= 
T > 4:0 GeV/c, the photon acceptance is 0:146 � 0:002(stat).

To study the e�ect of the no-track cut, and the e�ect of additional energy deposited

in the calorimeter, we use a sample of �c ! J= 
 reconstructed by requiring the

decay photon to convert into an electron-positron pair. The resulting sample of 26�5

�c's is unbiased with respect to the no-track cut and calorimetric requirements. The

e�ect of these can be determined by measuring the track multiplicity and energy

distribution associated with the calorimeter cell which would have been hit by the

photon, had it not converted. The mean multiplicity of non-muon tracks pointing to

this cell has a value of 0:08� 0:06, and the e�ciency of the no-track cut is measured

to be �
no�track = (97:9+2�5)%. The electromagnetic energy distribution in the same cell,

when there are no tracks pointing to it, has a mean value of (0:15� 0:08) GeV. The

e�ect of this energy deposition on our photon reconstruction is accounted for by an

\environmental" e�ciency of �
envir = (96:5+3:5�4:5)%.

The systematic uncertainty on F J= 
� associated with the reconstruction e�ciency

of the low energy photon is �10%. This is due to uncertainties in the estimation of

the detector response di�erence between photons and electrons. A �11% uncertainty

is associated with the �c production and decay model used for the acceptance cal-

culation. This is estimated upon variations of the shape of the PT spectrum as well

as the decay angular distribution to account for fully polarized �c. The uncertainty

in the determination of N�c associated with the model of the background shape is

�10%. This includes the e�ect of varying the �tted normalization of the background
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contribution by �1�; varying the �0; � and K0

S composition in our background model

from 4:2:1 to equal amount of �0 and K0

S , and to all �0; and includes the e�ect of

physics processes resulting in a J= associated with photons in the �nal state. The

process that could possibly have the largest e�ect is hc ! J= �0 where hc is the

1P1 state of charmonium. Decays of the  (2S) can also produce a J= and photons

but have a negligible e�ect on the determination of N�c. An additional �6% un-

certainty arises from the statistical and systematic uncertainties associated with the

determination of the photon e�ciencies �
no�track and �


envir. We combine these uncer-

tainties, assuming they are independent, in a total systematic uncertainty of �18:9%

correlated in the four bins. The fraction of J= mesons coming from �c decays is

F J= 
� = (27:4 � 1:6(stat)� 5:2(syst)) % for P

J= 
T > 4 GeV/c and j�J= j < 0:6.

This fraction includes a contribution from b decays in the numerator and denom-

inator. The fraction of J= mesons from �c decays not including contributions from

b decays is calculated according to the equation:

F (6 b)J= � =
N�c �N

�c
b

(NJ= �N
J= 
b ) �A


J= � �
no�track � �
envir
= F J= 

� � 1 � F
�
b

1 � F
J= 
b

where N�c
b and N

J= 
b are the numbers of reconstructed �c and J= mesons from b's,

F
�
b and F

J= 
b are the fractions of reconstructed �c and J= mesons from b's.

To measure F �
b we use a sample of 555 � 47 reconstructed �c where both muon

tracks have information in the silicon vertex detector (SVX). We constrain the two

muons to come from a common decay vertex and we calculate Lxy, the projection of

the decay length onto the transverse momentum vector of the J= . To account for

the di�erence between the Lorentz boost �
 of the parent b hadron and that of the
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observed J= , we convert Lxy into a proper lifetime using �
 of the J= , and a cor-

rection factor Fcorr determined from Monte Carlo: c� = Lxy � (MJ= =P
J= 
T )=Fcorr [10].

We �t the c� distribution to the sum of two functions, one associated with the �c

signal and one associated with its background. Each function is the sum of a zero

lifetime component, described by a Gaussian plus symmetric exponential tails, and a

long lived component, described by a positive exponential smeared with a Gaussian

resolution function. The background component is derived from the Monte Carlo de-

scribed previously and normalized to the estimated background under the �c signal.

In the �t we �x the lifetime of the long lived component to the average b lifetime of

438�m [10]. The c� distribution and the result of this �t are shown in Fig. 2. This

yields F �
b = (10:8�3:1)%, which is the fraction of �c mesons from b decays in the sam-

ple of reconstructed �c, and is not corrected for the acceptance of the photon cuts. Us-

ing the method described in [2] we �nd F
J= 
b = (17:8�0:45)% for P

J= 
T > 4:0 GeV/c

and j�J= j < 0:6. The resulting correction factor is (1�F �
b )=(1�F J= 

b ) = 1:085�0:037.

A Monte Carlo calculation shows that this correction factor is independent of P
J= 
T .

Therefore we use this correction factor for all PT bins. The uncertainties in F
J= 
b

and F �
b increase the total systematic uncertainty in the measurement of F (6 b)J= � to

19.2%. The resulting fraction of J= mesons from �c decays, not including contribu-

tions from b's, is F (6 b)J= � = (29:7 � 1:7(stat) � 5:7(syst)) %. Figure 3 shows this

fraction as a function of P
J= 
T .

To obtain the direct J= cross section, we subtract from the prompt J= cross sec-

tion [2] the contribution from �c decays, and the contribution from  (2S) decays. The

�rst is obtained bymultiplying the prompt J= cross section with a parametrization of
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F (6 b)J= � as a function of P
J= 
T . The second is calculated from the prompt  (2S) cross

section measured in [2] and a Monte Carlo simulation of the decays  (2S) ! J= X,

where X = ��; �; �0. With this calculation we �nd that the fraction of prompt J= 's

from  (2S)'s rises from (7�2)% at P
J= 
T = 5 GeV/c to (15�5)% at P

J= 
T = 18 GeV/c.

The fraction of directly produced J= 's is (64 � 6)% and is approximately indepen-

dent of P
J= 
T between 5 and 18 GeV/c. Direct production is therefore the largest

source of prompt J= mesons. The resulting cross sections are shown in Fig. 4. The

curves correspond to the theoretical predictions [11]. The calculation of the direct

J= cross section (dashed line) is below the experimental measurement by a factor

of 80 at P
J= 
T = 5 GeV/c, and by a factor of 30 at P

J= 
T = 18 GeV/c. This indicates

that the CSM underestimates direct production of the J= by about the same factor

found for the  (2S). The solid curve in Fig. 4 includes contributions from the CSM

and Color Octet Model (COM), where the Color Octet contribution is based on early

extractions [12] of the relevant non-perturbative parameters from the branching ratios

of b ! �cX decays. The extension of the COM to the 3S1 states has been proposed

in [4]; the corresponding calculations have been compared in [5] with our preliminary

data showing that agreement between theory and data can be obtained by adjusting

the non-perturbative parameters introduced in the COM.

In conclusion, we have measured the fraction of J= 's originating from �c's and

found that the majority of prompt J= 's do not come from �c's but are directly

produced. We conclude that the CSM fails to describe direct production of both the

J= and the  (2S) by the same large factor.
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Figure Captions

FIG. 1. The distribution of the mass di�erence after the selection described in

the text. The points represent the data. The shaded histogram is the back-

ground shape predicted by the Monte Carlo calculation. The solid line is the �t

of the data to a Gaussian function plus the background histogram. The inset

shows the comparison between the �M distribution for dimuons in the J= 

sidebands, and the corresponding one predicted by the Monte Carlo calcula-

tion; the two distributions are normalized to equal area and the vertical scale

is arbitrary.

FIG. 2. The proper lifetime distribution, for J= 
 combinations in the �c signal

region, when both muons have SVX information. The points represent the data.

The shaded area shows the contribution from the background.

FIG. 3. The fraction of J= mesons from �c decays as a function of P
J= 
T with

the contribution from b's removed. The error bars correspond to the statistical

uncertainty. The solid line is the parametrization of the fraction. The dashed

lines show the upper and lower bounds corresponding to the statistical and

systematic uncertainties combined.

FIG. 4. The di�erential cross sections of prompt J= ! �+�� as a function

of P
J= 
T . The dashed curve is the Color Singlet calculation for J= production.

The solid curve is the calculation of �c ! J= 
 production and includes both

Color Singlet and Color Octet contributions. The error bars correspond to the

statistical and systematic uncertainties combined.
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